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Crystallization behavior of precursor glass in the system of sodium iron phosphate Na 2 _ x Fe 1 + 0 . 5 X P 2 O 7 was 
examined. We obtained homogeneous precursor glasses in the composition range between x = 0 and 0.77. 
The formation of triclinic Pi phase, which plays active material for sodium ion batteries, was confirmed in 
whole composition. Precipitation of Na4P 2 0 7 was confirmed except for the Pi phase by means of XRD analysis 
in x = 0 that means Na 2 FeP 2 0 7 is thermally unstable, meanwhile a pure Pi phase was obtained in x = 0.44, 
which corresponds to stoichiometric Na 3 .i 2 Fe 2 .44(P 2 0 7 ) 2 . We propose that the optimal composition exists around 
x = 0.44 not x = 0 (Na 2 FeP 2 0 7 ) to form the Pi phase with high volume fractions. 

© 2014 Elsevier B.V. All rights reserved. 


1. Introduction 

Recently sodium ion batteries are considered to be an alternative to 
lithium ion batteries, which require precious resources such as lithium, 
cobalt, nickel, and copper, due to natural abundance of sodium. The 
concept of sodium ion batteries is not so novel. Actually Na x Co0 2 [1,2], 
active materials are reported so far. Furthermore, NaFe0 2 [3], Na 2 /3 
(Ni 1/3 Mn 2/3 )0 2 [4], Na(Ni, / 3Fe 1/3 Mn 1/ 3)0 2 [5], Na 2/3 (Fe 1/2 Mn 1/2 )0 2 , [6] 
and NaNi0 2 [7] and so many kinds of layer type cathodes are also pro¬ 
posed. In particular, Na 2 / 3 (Fe 1 / 2 Mn 1/2 )0 2 [6] exhibits 190 mAh/g dis¬ 
charge capacity that is almost identical to that of typical material in 
lithium ion batteries. Flowever, layered rock salt oxides have some 
problems in mass production. The primary reason of difficulty is their 
chemical activities for moisture. Even in laboratory use a-NaFe0 2 and 
its related materials must be quenched in a dry Ar filled globe box 
after calcination process to avoid decomposition by hydration. 

On the other hand, recently, poly-anion type Na 3 V 2 (P0 4 ) 3 [8], 
Na 2 FeP0 4 F [9], Na 3 V 2 (P0 4 ) 2 F 3 [10] and Na 4 Fe 3 (P0 4 ) 2 (P 2 0 7 ) [11] are 
also reported as cathode active materials in sodium half cells. These 
materials are promising stable and safety batteries as the same as LiFeP0 4 
in Li ion batteries. In 2012, we found triclinic PT type Na 2 FeP 2 0 7 , 
which plays cathode as 3.0 V and 91 mAh/g in sodium cells [12-14], 
Later some groups also reported on the electrochemical performance of 
Na 2 FeP 2 0 7 , which is obtained from solid state reaction [15-19], 
Na 2 FeP 2 0 7 exhibits good cyclic performance [17,18] as well as chemical 
stability in aqueous solution electrolyte [19]. We are also proposing the 
glass-ceramic processing (i.e., crystallization of glasses), which is a nice 
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technique, to prepare sodium iron phosphates Na 2 FeP 2 0 7 as well as 
LiFeP0 4 [20-22], LiFeJVta,- X P0 4 [23], Li 3 V 2 (P0 4 ) 3 [24] and LiV0P0 4 
[25] reported in the previous studies. We also applied the glass-ceramic 
technique to fabricate Sn0-P 2 0 5 glass anodes for both lithium and 
sodium ion batteries [26,27], The advantages in the glass-ceramics 
route for the fabrication of phosphate-based cathode active materials 
are: (1) inexpensive raw materials such as a-Fe 2 0 3 are used as starting 
materials [20], (2) both crystallization and carbon coating process can 
be achieved simultaneously through one step [21 ] and (3) ferromagnetic 
impurity phase such as Fe 2 P is not formed. Comparing with conventional 
solid state reaction, it is expected that the compositional distribution is 
extremely homogeneous in precursor glass, consequently, providing a 
good cyclic performance [22], In this paper, we focus on the structure 
of Pi type Na 2 FeP 2 0 7 . Angenault et al. [28] found sodium partial 
substitution between Na(3) and Fe(3) site and proposed the precise 
chemical composition as Na 312 Fe 2 . 44 (P 2 0 7 ) 2 (ICDD #01-083-0225), 
which deviates from the starting composition with Na:Fe:P = 2:1:2. If 
the substitution of Na(3) site by Fe(3) site is available continuously, the 
general formula and electrochemical reaction will be able to express as 
Eq (1). 

Na 2 _ x Fe(II) 1+0 . 5x P 2 O 7 -Na 1 _ 1 . 5x Fe(III) 1+05x P 2 O 7 + (1 + 0.5x){Na + + e~). 

(1) 

The theoretical discharge capacity can be calculated as 97 mAh/g in 
Na 2 FeP 2 0 7 (x = 0) and 118 mAh/g in Na 3 . 12 Fe 244 (P 2 0 7 ) 2 (x = 0.44), if 
the electrochemical reaction progresses between the discharge (Fe 2+ ) 
and charge (Fe 3+ ) states of Fe ions. The aim of this study is, therefore, 
to investigate the crystallization behavior of sodium iron phosphate 
glasses with the chemical compositions of Na 2 _ x Fei + o.s x P20 7 and to 
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Fig. 1. Glass compositions (open red circle) examined in the sodium iron phosphate 
system. The glass forming region and typical cathode candidates reported so far are also 
shown. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

clarify electrochemical properties of their glass-ceramic cathode as 
sodium ion batteries. 

2. Experimental procedure 

As introduced in Eq. (1), we determined the series of precursor 
glasses as Na 2 - x Fe, + 0 .5xP20 7 (x = 0,0.22, 0.44, and 0.77). Precursor 
glasses were fabricated by a conventional melt-quenching method. 
Starting reagents NaPC>3 (97%, Nakarai tesque Co.), a-Fe 2 0 3 (99.9%, 
Kojyundo chemicals Co.), and H 3 P0 4 (85%, Nakarai tesque Co.) were 
mixed well. A 35 g batch was melted in a platinum cmcible at 1100 °C 
for 15 min in an electric furnace. By pouring melts onto a steel plate, 




obtained by heat treatments for 3 h in air. 


black-colored precursor glasses were successfully formed. The glass 
transition and crystallization temperatures were determined by differ¬ 
ential thermal analysis (DTA, Rigaku TG-8120). The glass compositions 
were determined by ICP spectroscopy (1CP-AES, SII SPS4000). [14] 
Glass powder of 2 pm diameter was obtained by using a planetary ball 
mill (Fritsch premium line P-7). Glass-ceramics were prepared by heat 
treatments in a tubular electric furnace with 5%H 2 -95% Ar gas flows. 
The gas flow rate was 100 ml/min. To reduce Fe 3+ to Fe 2+ ions in the 
precursor glasses, 10 wt.% citric acid was added to glass powders. The 
amount of residual carbon content was determined by thermogravi- 
metric analysis (TG-DTA, Rigaku TG-8120). Powder X-ray diffraction 
(XRD, Rigaku Ultima IV) employing Cu-Ka radiation was used to iden¬ 
tify the crystalline phase in glass-ceramic powders. Morphologies of 
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Fig. 4. Powder XRD patterns for Na 2 FeP20 7 glass-ceramics heat-treated at various temper¬ 
atures for 3 h in 5%H 2 -95% Ar gas flows. The citric add was added to the precursor glass 
powders prior to the crystallization. 
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Fig. 5. Powder XRD patterns for Na 2 _ x Fe, + o.5*P20 7 glass-ceramics (x = 0,0.22,0.44, and 
0.77) heat-treated at crystallization peak temperatures for 3 h in 5%H 2 -95% Ar gas flows. 
The citric acid was added to the precursor glass powders prior to the crystallization. 

glass-ceramics/carbon composites were observed by a scanning 
electron microscope (SEM, Keyence VE-8800). Elemental microanalysis 
in a micro-scale level in glass-ceramics was performed with wave¬ 
length dispersive X-ray analysis (Shimazu Co., EPMA-1600). Cathode 
electrodes were fabricated from a mixture of active material, 
polyvinylidene fluoride (PVDF) and conductive carbon black in a weight 
ratio of 85:5:10. N-Methylpyrrolidone (NMP) was used to make slurry 
of their mixtures. After homogenization, slurry was coated on a thin alu¬ 
minum foil and dried at 100 °C for 10 h in a vacuum oven. Electrodes 


were then pressed and disks were punched out as 16 mm <J>. Electro¬ 
chemical cells were prepared using coin-type cells. Sodium metal foils 
were used as anode, and glass filter papers (Advantec Co., GA-100) 
were used as separator. Test cells were assembled in an argon-filled 
glove box. The dew point of Ar atmosphere in the glove box was kept 
as — 86 °C. The oxygen content was less than 0.33 ppm. The solution 
of 1 M-NaPF 6 (Tokyo Kasei Co.) in a mixture of ethylene carbonate 
(EC) and diethyl carbonate (DEC) (1:1, v/v, Kishida Chemicals Co.) 
was used as electrolyte. Cells were examined by using a battery testing 
system (Hokuto-denko Co.) at the charge/discharge current density of 
1 /10C (0.08 mA cm -2 ) for the theoretical capacity of 97 mAh g -1 
between 2.0 and 3.8 V. 

3. Results 

A glass-forming region for the sodium iron phosphate system taken 
from the international glass database (INTERGLAD Ver. 7, produced by 
New Glass Forum, Japan) [29] is shown in Fig. 1, in which the glass 
compositions examined in this study are marked as red open circle 
and typical cathode candidates [11,30,31] are also included. By means 
of I CP spectroscopy [14] the chemical composition of precursor is 
almost identical with batch compositions. The compositions of Na 2 
_ x Fei + 0.5XP2O7 glasses are very close to the borders of the glass forma¬ 
tion region. We could not obtain uniform glass samples for the composi¬ 
tions corresponding to typical cathodes Na 3 Fe 2 (P04)3 [30], 
Na 4 Fe3(P0 4 ) 2 P 2 07 [11] and NaFeP0 4 [31] by melt quenching. On 
the other hand, we obtained uniform black colored glass samples for 
the compositions of Na 2 _ x Fei + 0.5XP2O7 (x = 0-0.77) by pouring melts 
onto a steel plate. 

Fig. 2 shows the DTA patterns of Na 2 _ x Fei + 0.5XP2O7 precursor 
glasses. We determined glass transition onset T g and top of crystallization 
peak T c respectively. As shown in Fig. 2, all glass samples exhibit 
endothermic dips due to the glass transition and exothermic peaks 
corresponding to crystallization. With increasing x parameter in 
Na 2 _ x Fei+ 0.5XP2O7, the glass transition temperature increased 
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Fig. 6. X-ray Rietveld analysis for Na^eFei ^P^y glass-ceramics. The initial structure model was applied by using the data reported in Ref. [28], 
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Fig. 7. SEM images for Na 2 _ x Fe 1+05x P 2 0 7 glass-ceramic powders with (a) x = 0, (b) x = 
0.44, and (c) x = 0.77. 


gradually. In the previous studies [12,14,21 ], the valence state of iron in 
Na 2 FeP 2 0 7 and LiFeP0 4 precursor glasses was found to be Fe 3+ mainly. 
First we checked the crystalline phase in the glass-ceramics (x = 0 and 
0.77) obtained by heat treatments in air. The heat treatment temperature 
was 560 °C for the glass with x = 0 and 605 °C for the glass with x = 
0.77, which correspond to the crystallization peak temperatures deter¬ 
mined by DTA analysis. The heat treatment time was kept for 3 h in 
each sample. Fig. 3 shows the powder XRD patterns for the glass- 
ceramics obtained. The formation of NAS1CON like Na 3 Fe(lII) 2 (P04)3 
(ICDD #00-045-0319) and NaFe(III)P 2 0 7 (ICDD #01-076-2174) crystal¬ 
line phases is clearly observed. 

10 wt.% citric acid as carbon source (i.e., reducing agent for Fe 3+ ) 
was added to the precursor glass powders, and the mixtures were 
heat-treated at some temperatures of 560, 620, and 680 °C for 3 h in 
air. Fig. 4 shows the powder XRD patterns for the heat-treated samples 
with x = 0, indicating that the main crystalline phase is triclinic PI 
phase. The formation of Na 4 P 2 0 7 phase is also detected as byproduct, 




Fig. 8. EPMA element maps for Na 2 FeP 2 0 7 glass-ceramics with needle-shaped crystals. 


and the intensity of its diffraction peaks increases with increasing heat 
treatment temperature. 

The glass-ceramics with different chemical compositions of 
Na 2 _ x Fe, + 0 .5 X P 2 0 7 with x = 0, 0.22, 0.44, and 0.77 were fabricated, 
in which the precursor glasses were heat-treated at crystallization peak 
temperature determined by DTA curve (Fig. 2) for 3 h in a tubular furnace 
with 5%H 2 -95% Ar gas flow. Fig. 5 shows the powder XRD patterns for the 
heat-treated samples. The formation of Na 4 P 2 0 7 is detected in the 
samples with x = 0 and x = 0.22. In the sample with x = 0.44, any 
byproducts did not appear and the formation of only Pi phase is 
confirmed. In the samples with x = 0.77, an unidentified crystalline 
phase is appeared besides the PI phase. From these results, we focus 
our attention on Na 2 _ x Fe, + 0 .5xP20 7 glass with x = 0.44 more in detail. 
The composition of x = 0.44 accords with the crystal composition 
Na 3 i 2 Fe 244 (P 2 0 7 ) 2 (Nai.5 6 Fe 122 P 2 0 7 ) proposed by Angenault et al. 
[28], We determined the crystal structure parameters of the PI phase 
formed in the glass-ceramics with x = 0.44 using the Rietveld analysis 
(R1ETAN-FP software) [32], The results for the refined XRD pattern are 
shown in Fig. 6. In this analysis, the initial structure model was applied 
by using the data reported by Angenault et al. [28], The lattice 
parameters for triclinic PI phase crystals in the glass-ceramics were cal¬ 
culated to be a = 0.65169 nm, b = 0.95447 nm, c = 1.11586 nm, a = 
64.53°, J3 = 86.06°, y = 73.02°, and V = 598 A 3 . These values are close 
to those (a = 0.6424 nm, b = 0.9440 nm, c = 1.0981 nm, a = 64.77°, 
jS = 86.21°, y = 73.13°, and V = 575 A 3 ) reported by Angenault et al. 
[28], Fig. 7 shows the SEM images for glass-ceramic powders with 
(a) x = 0, (b) x = 0.44, and (c) x = 0.77. Grains with a particle size of 
several micrometers are observed. In particular, it is noted 
that needle-shaped crystals are present at the surface of the sample 
with x = 0 (Fig. 7(a)). We found that these needle-shaped crystals 
dissolve easily in water. Fig. 8 shows the EPMA element maps for the 
needle-shaped crystals. 

Fig. 9 shows the charge and discharge profiles from the first to fifth 
times for cathodes fabricated by using Na 2 _ x Fei + o.s x P20 7 glass- 
ceramics. The current density was fixed as 0.08 mA/cm 2 which 
corresponds to the 1/10C rate in Na 2 FeP 2 0 7 . An oxidation-reduction 
equilibrium plateau between Fe 2+ and Fe 3+ in the PI phase crystals 
was confirmed in all compositions. The reversible discharge capacity 
in the sample with x = 0.44 was 83 mAh/g, whereas the sample with 
x = 0.77 showed the discharge capacity of 50 mAh/g. 
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using Na 2 - x Fei + o.5*P 2 0 7 glass-ceramics with x = 0,0.44, and 0.77. Testing coin cells 
consist of glass-ceramic cathode and sodium metal anode. 

4. Discussion 

As shown in Fig. 2 and Fig. 3, we confirmed crystallization behavior 
in air and H 2 -Ar mixture gas respectively. These results demonstrate 
that the valence of Fe 3+ ions in the precursor glasses must be reduced 
to Fe 2+ ions during heat treatments (i.e., crystallization) in order to 
form Na 2 - x Fe(II)i+ X/2 P 2 0 7 being the target crystals in this study. 

We confirmed thermal decomposition of Na 2 FeP 2 0 7 glass at high 
temperature as shown in Fig. 4. It should be pointed out that other 


research groups also report the formation (several percent) of 
byproducts in the solid-state reaction process [15,16], Anyway, the 
results shown in Fig. 4 suggest that it is important to control more 
strictly heat treatment condition or design more precisely chemical 
composition to fabricate glass-ceramics with only (pure) PI phase. 
Because sodium element is highly concentrated in the needle-shaped 
crystals as shown in Fig. 7 and Fig. 8, it would be reasonable to conclude 
that needle-shaped crystals are Na 4 P 2 0 7 , which is confirmed in XRD 
patterns (Fig. 5). 

We expected that electro-chemical discharge capacity will increase 
with increasing of x parameter in Eq. (1). According to Eq. (1), the 
theoretical discharge capacity in Na 2 _ x Fei + o.s x P20 7 crystals increases 
with increasing x, e.g., 118 mAh/g in Na 3 .i 2 Fe 2 .44(P 2 0 7 ) 2 with x = 0.44. 
Furthermore, it is obvious that the discharge capacity depends on the 
volume fraction of the PI phase crystals. At this moment, the volume 
fraction of Na 2 - x Fei + o.5 X P 2 0 7 crystals in the glass-ceramics with x = 
0.44 has not been determined. Further studies, which lead to the increase 
in the volume fraction of Na 2 _ x Fei + 0.5^20-7 crystals and in the 
discharge capacity, will be required. 

5. Conclusion 

We examined the glass formation and crystallization behavior in 
Na 2 0-Fe 2 0 3 -P 2 0 5 system in order to develop glass-ceramic cathodes 
as sodium ion batteries. The glasses with the compositions of Na 2 - 
x Fei + o. 5 X P20 7 with x = 0, 0.44, and 0.77 were obtained, and glass- 
ceramics consisting of Na 1 . 56 Fei22P20 7 (x = 0.44) crystals with a triclinic 
PI phase were fabricated by controlling heat treatment temperature, 
time, and atmosphere. The glass-ceramics with x = 0.44 showed a re¬ 
versible discharge capacity of 83 mAh/g. We propose that the glass- 
ceramic processing is one of the suitable ways to produce sodium ion 
battery cathodes without using precious Fe 2+ derived raw materials. 
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